We have assessed, by intravital microscopy in rats, the effects of different anaesthetics on diaphragmatic arteriolar diameter. Rats were anaesthetized with etomidate, propofol or thiopental (groups E, P and T, respectively) and the diameters of the arterioles were measured sequentially at baseline and after topical application of either mefenamic acid (MA, 20 mol
The performance of respiratory muscles is tightly coupled to blood flow. Thus recent studies have indicated that mechanical hyperperfusion of the diaphragm partially delays the development of diaphragmatic fatigue 1 and reverses the loss of forcegenerating capacity induced by repetitive diaphragmatic contractions. 2 Regulation of diaphragmatic blood flow is dependent on the tone of diaphragmatic microvessels, which can in turn be modulated by different pharmacological agents. I.v. anaesthetics can modulate diaphragmatic microvascular tone. Indeed, during induction and recovery from anaesthesia, the diaphragm may have to cope with a transient increase in the work of breathing, as a result of changes in airways resistance. 3 Therefore, it may be relevant to assess the effects and mechanism(s) underlying the actions of i.v. anaesthetics on diaphragmatic microvascular tone.
Previous studies in different vascular beds demonstrated that microvascular tone and reactivity are altered by i.v. anaesthetics, mainly in the small arterioles. [4] [5] [6] These changes are tissue-specific 7 and can involve release of different endogenous vasoactive mediators, such as prostaglandins or nitric oxide, or both. 4 8 However, diaphragmatic and non-diaphragmatic microcirculation were frequently studied under barbiturate anaesthesia. [9] [10] [11] [12] [13] [14] The effects of other i.v. anaesthetics are poorly documented.
Asher and co-workers 4 observed in vivo in a cremaster model that etomidate dilated precapillary arterioles more than pentobarbital. This dilation was related to release of prostaglandins. Holzmann and co-workers 15 investigated the microcirculatory effects of propofol. In this study in the dorsal skinfold chamber of the hamster, the authors showed that a bolus dose of propofol dilated arterioles and collecting venules. However, no attempt was made to identify the mechanism(s) responsible for these effects. Furthermore, no study has compared the effects of etomidate and propofol anaesthesia on the microcirculation.
Therefore, we performed a comparative study of the effects of etomidate, propofol and thiopental on the microcirculation of the diaphragm. We investigated specifically, by intravital microscopy in rats, the effects of etomidate, propofol and thiopental on diaphragm arteriolar diameters and involvement of prostaglandins and nitric oxide on the maintenance of arteriolar diameters by these anaesthetic agents.
Materials and methods
Male Sprague-Dawley rats (Charles River France Inc.), 100-120 g, were used. All rats were housed individually, acclimatized to a 12-h light-dark cycle, and maintained on Purina rat chow and tap water ad libitum for 5 days before the study. The study met the recommendations of French law (Ministère des Affaires Sociales et de la Solidarité Nationale).
The animals were anaesthetized by inhalation of diethyl ether in an anaesthetic chamber and placed supine on a rodent operating The model has been described in detail previously. 12 Briefly, bilateral thoracotomy was performed in the fifth intercostal space, avoiding the sternum. The diaphragm was separated carefully from the lungs and from the mediastinal tissues, and the phrenic nerves were sectioned. The abdomen was opened via a midline laparotomy. This was followed by a transversal incision to expose and place the costal diaphragm in a perpendicular position relative to the body of the animal. The abdominal organs were covered with cotton sheets moistened with warm saline solution. The animal was placed in the head-down position and the abdominal viscera were immobilized by covering with a Cellophane wrap fixed to the operating table.
Irrigation of the abdominal side of the diaphragm began immediately after exposure via a microperforated hose placed gently on the top of the abdominal surface at a flow rate of 500 ml h 2 were measured twice during the study. Pancuronium 4 mol litre 91 was added to this solution to prevent muscle fasciculations. This dose of pancuronium had no systemic effects and no effects on microcirculatory variables. 16 The muscle was transilluminated using a 150-W tungsten halogen lamp connected to a fibreoptic cool light microprobe introduced gently into the thorax by the left thoracotomy. The diaphragmatic microcirculation was seen by observing the abdominal side of the muscle with a modified Leitz microscope which can be placed in a position parallel to the area of the muscle under observation. The image, magnified by a x20 long-distance objective, was projected into a CCD video camera (Sony DXC-101P) connected to a videotape recorder (Sony VO-9600 P) and a video monitor (Sony PVM-1371 QM).
We studied changes in the diameter of the arteriolar branches arising from the internal mammary and intercostal arteries. Arterioles were identified by their relative locations in the network according to morphological criteria derived from Zweifach and Lipowski. 17 Vessels selected for study were secondand third-order arterioles (A2 and A3, respectively). Depending on the geometry of the part of the network studied, 1-3 arterioles of each order were examined in each animal. Arteriolar diameters were measured by playback analysis of the video record, directly off the monitor screen, using the technique of Intaglietta and Tompkins 18 and a dimension measurement device (IPM 303 Dimension Analyser, San Diego, CA, USA).
Just after placement of the catheters, administration of diethyl ether was stopped and the animals (n:60) were allocated randomly to one of three groups according to the i.v. anaesthetic used: etomidate (group E, 23 rats), propofol (group P, 19 rats) or thiopental (group T, 18 rats . After 15 min of infusion, these doses were adjusted to maintain mean arterial pressure greater than 90 mm Hg and to suppress the response to painful stimuli (tail pinching). After a 30-min stabilization period, when the rats were at a stable surgical level of anaesthesia and when arterial pressure and heart rate did not fluctuate, surgical preparation of the diaphragm was performed. Then, up to two A2 and three A3 arterioles in the same preparation were selected and their diameters measured (basal diameter). After this measurement, each group was allocated randomly to one of three subgroups according to topical application on the diaphragm of either Krebs solution alone (subgroup C), Krebs solution containing mefenamic acid 20 mol litre
91
, a selective inhibitor of prostaglandin synthesis 19 (subgroup MA) or Krebs solution containing N-nitro-L-arginine (NNA) 300 mol litre
, a potent inhibitor of nitric oxide synthesis 20 2l (subgroup NNA). After 20 min of irrigation by one of these solutions, the diameter of the selected arterioles was reassessed (diameter after inhibitor). After this, adenosine 1 mmol litre 91 was applied topically to measure maximal arteriolar diameter.
Etomidate (Janssen Laboratories, BoulogneBillancourt, France) was dissolved in propylene glycol (35%volume/volume in saline). Propofol in aqueous emulsion (1% propofol, 10% soya bean oil, 2.25 glycerol and 1.2% egg phosphatide) was supplied by Zeneca Pharma France (Cergy, France). Thiopental (Na salt) was obtained from Specia Rhône-Poulenc Rohrer Laboratories. (Paris, France). Mefenamic acid, NNA and adenosine were obtained from Sigma Chemical Co (St Louis, MO, USA). Mefenamic acid was dissolved in sodium bicarbonate 1 mg ml 91 and diluted to the final concentration with Krebs solution. NNA and adenosine were dissolved directly in Krebs solution by stirring at room temperature. Drugs solutions were prepared fresh daily.
STATISTICAL ANALYSIS
All results are given as mean (SEM). Data obtained for the three groups were analysed by analysis of variance. When the overall comparison was significant, individual comparisons were made using Duncan's multiple range test. Significance was accepted at P:0.05.
Results
Duration of ether inhalation was similar in groups E, P, and T (29 (2), 31 (2) and 30 (2) min, respectively) and the inhaled concentration was always the same (3 vol% . Infusion volume was similar in the three groups. Mean arterial pressure and heart rate during the study were similar in the three groups (table 1) . Mean Table 2 shows the A2 diameters in the groups and subgroups. Basal and maximal diameters (diameters after application of adenosine 1 mmol litre
91
) were similar in the three subgroups of each group. Consequently, to compare the effects of the different anaesthetic agents on arteriolar diameter, data from the three subgroups of each group were pooled. Basal diameters were similar in groups P and T (45.9 (2) m, n:35 and 43.9 (2) m, n:36, respectively).
In contrast, basal A2 diameters in group E were significantly greater than those in groups P and T (59.5 (3) m, n:35; P:0.01). Maximal diameters were not different between the three groups: 61.2 (3) m, 59.4 (3) m and 58.2 (3) m for groups E, P and T, respectively. In groups P and T, basal diameters were significantly less than maximal diameters (P:0.01). In contrast, in group E, basal diameters were similar to maximal diameters.
After 20 min of superfusion with either mefenamic acid or NNA, significant constriction of diaphragmatic A2 diameters was observed in the three groups (P:0.05), whereas no significant change in A2 diameter was observed after superfusion of the muscle with Krebs solution alone ( fig. 1) . However, whereas the constriction induced by NNA was similar in the three groups (ns), constriction induced by mefenamic acid was significantly higher in group E compared with groups T and P (P:0.05). Table 3 shows the A3 diameters in the groups and subgroups. As basal and maximal diameters were similar in the three subgroups of each group, these data were pooled, as for the A2 vessels. Basal diameters were similar in groups T and P (35.4 (1.5) m, n:39 and 39.3 (2.1) m, n:37, respectively). In contrast, basal A3 diameters in group E were significantly greater than those in groups P and T (45.5 (1.9) m, n:45; P:0.01). Maximal diameters were similar in the three groups: 45.3 (2.1) m, 52.4 (6) 406 (8) 421 (10) (2.4) m and 47.9 (1.9) m for groups T, E and P, respectively. In groups P and T, basal diameters were significantly less than maximal diameters (P:0.01). In contrast, in group E, basal diameters were similar to maximal diameters. After superfusion with NNA, significant and similar A3 constriction was observed in the three groups ( fig. 2) . Superfusion with mefenamic acid induced significant constriction only in groups T and E. This constriction was significantly greater in group E compared with group T (P:0.001). No significant A3 constriction was observed after superfusion with Krebs solution alone.
A3 DIAMETERS

Discussion
The main result of this study was that diaphragmatic arteriolar diameters in anaesthetized rats were affected by the anaesthetic agent used. Indeed, A2
and A3 diameters in rats anaesthetized with etomidate were significantly greater than those in animals anaesthetized with propofol or thiopental. This effect of etomidate was associated with more significant release of vasodilator prostaglandins compared with that during propofol and thiopental anaesthesia.
The experimental model used in this study allowed in vivo observation of rat diaphragmatic microcirculation and the diaphragm itself was totally intact. However, the experimental design did not allow comparison of vessel diameters before and after induction of anaesthesia with etomidate, propofol or thiopental. Furthermore, it did not allow evaluation of the effect of the solvents of etomidate or propofol. It must be noted also that the model preparation was performed under ether anaesthesia which takes some hours to be eliminated completely. 22 On the other hand, ether uptake is slow, particularly in skeletal muscles. As the time of ether administration in our , a potent inhibitor of nitric oxide synthesis 20 21 (subgroup NNA)) of the thiopental, etomidate and pentobarbital groups (T, E, and P respectively). Vasoconstriction was calculated as basal diameter minus the diameter after inhibitor divided by basal diameter. *P:0.01 vs basal diameter; † †P:0.001 vs MA in groups T and P. 20 21 (subgroup NNA)) of the thiopental, etomidate and pentobarbital groups (T, E, and P respectively). Vasoconstriction was calculated as basal diameter minus the diameter after inhibitor divided by basal diameter. *P:0.05 vs basal diameter; † †P:0.01 vs MA in groups T and P. Table 3 A3 diameters (mean (SEM)) in the etomidate (E), propofol (P) and thiopental (T) groups. Subgroups C, MA and NNA:preparations superfused with Krebs solution alone, or Krebs solution containing mefenamic acid 20 µmol litre 91 , respectively. Significantly different from basal diameter (*P:0.05, **P:0.01); †significantly different from the other groups (P:0.05) Arteriolar diameters were compared after administration of the three i.v. anaesthetics, with maximal dilation achieved using a high concentration of adenosine. Adenosine, a powerful vasodilator which is used frequently to standardize arteriolar reactivity, 23 was used to normalize our results. Depth of anaesthesia, mean arterial pressures and heart rates were stable and similar in the three groups; there was a lack of response of the animals to painful stimuli and blood-gas values were within normal limits at the end of the study. The doses of thiopental and etomidate used in our study were similar to those used by other authors. 4 24 We used doses of propofol which were higher than those used in humans because it has been demonstrated in rodents that higher doses of propofol are required to maintain anaesthesia. 25 26 In our study, assessment of the role of nitric oxide and prostaglandins in the arteriolar responses of the diaphragm to i.v. anaesthetics was performed indirectly using selective inhibitors of both pathways: NNA for nitric oxide and mefenamic acid for prostaglandins. While NNA and mefenamic acid may have exerted their effects on diaphragmatic arterioles via other mechanisms than inhibition of nitric oxide and prostaglandins synthesis, respectively, this is unlikely. First, a large body of evidence has demonstrated that NNA is a potent and specific inhibitor of nitric oxide synthesis 20 21 in different vascular territories, including the diaphragm. 21 27 Second, concerning the involvement of prostaglandins, mefenamic acid has been used extensively as a specific inhibitor of prostaglandin synthesis. 9 In animals anaesthetized with etomidate, basal arteriolar diameter was similar to maximal diameter after application of adenosine. In contrast, diameters were significantly less than maximal values during propofol or thiopental anaesthesia. As maximal diameters caused by adenosine were similar in the three groups of anaesthetics, it is unlikely that this difference was caused by a greater effect of etomidate on diaphragmatic arterioles compared with propofol and thiopental. Furthermore, as there was no difference in arterial pressure, heart rate or acid-base status between the three groups, it is likely that the high vasodilatory capacity of etomidate was related to a direct effect of this agent on diaphragmatic arteriolar tone.
Similar results have been reported in non-respiratory skeletal muscles by Asher and co-workers, 4 using a cremaster preparation. These authors showed that in rats anaesthetized with etomidate, arterioles were dilated near their maximal diameter (sodium nitroprusside-induced). There are few data on propofol. In work carried out in a dorsal skinfold chamber of the hamster, a large bolus dose of propofol (25 mg kg
91
) induced relatively modest (13%) dilation of skin arterioles. 15 However, this effect, which is similar to our data, was not compared with other anaesthetics.
As both mefenamic acid and NNA induced A2 and A3 vasoconstriction in the three groups of animals, it may be that both prostaglandins and nitric oxide are involved in maintenance of diaphragmatic arteriolar tone during etomidate, propofol and thiopental anaesthesia. However, mefenamic acid-induced constriction was more significant in group E than in groups P and T, suggesting a predominant role of prostaglandins in animals anaesthetized with etomidate. This result is partially in agreement with data reported in the cremaster muscle by Asher and colleagues. 4 These authors showed that etomidate-induced dilation was mediated exclusively by prostaglandins but not by nitric oxide. The difference concerning the role of nitric oxide could be related to differences in circulatory characteristics between the cremaster and the diaphragm.
Several studies have investigated whether or not nitric oxide is involved in vasodilatation caused by propofol, with contradictory results. 8 28-31 Prostaglandins were reportedly involved alone or in concert with nitric oxide in propofol-mediated vasodilatation of rat aorta and coronary arteries, respectively. 8 31 Our data in A2 vessels are agreement with the latter results because the tone of A2 during propofol anaesthesia was mediated by both nitric oxide and prostaglandins. In contrast, the tone of A3 was mediated exclusively by nitric oxide.
The results concerning the role of nitric oxide and prostaglandins in maintenance of diaphragmatic arteriolar diameter under thiopental anaesthesia agree with previous reports in the same experimental preparation 33 and in other skeletal muscles.
11 13 14 19 The three i.v. anaesthetics evaluated in this study have differences in cellular effects other than release of nitric oxide and prostaglandins. For example, it has been demonstrated that they affect differently intracellular Ca 2; or K ; metabolism, or both, in myocardial 32 33 and tracheal smooth muscle cells. 34 Occurrence of such differences in vascular smooth muscle cells could also be a factor in the observed differences in diaphragmatic arteriolar tone between the three anaesthetics regimens. In summary, in rats anaesthetized with etomidate, diaphragmatic arterioles were more dilated than in those anaesthetized with propofol or thiopental, a phenomenon which was probably a result of predominant release of vasodilator prostaglandins caused by etomidate. This vasodilatory effect of etomidate may have important implications in pathological situations associated with impairment of the diaphragmatic microvasculature, such as in sepsis. 35 
